1. Phosphoenolpyruvate carboxykinase and pyruvate carboxylase were measured in foetal, newborn and adult rat liver extracts by a radiochemical assay involving the fixation of [14C]bicarbonate. 2. Pyruvate-carboxylase activity in both foetal and adult liver occurs mainly in mitochondrial and nuclear fractions, with about 10% of the activity in the cytoplasm. 3. Similar studies of the intracellular distribution of phosphoenolpyruvate carboxykinase show that more than 90% of the activity is in the cytoplasm. However, in the 17-day foetal liver about 90% of the activity is in mitochondria and nuclei. 4. Pyruvate-carboxylase activity in both particulate and soluble fractions is very low in the 17-day foetal liver and increases to near adult levels before birth. 5. Phosphoenolpyruvatecarboxykinase activity in the soluble cell fraction increases 25-fold in the first 2 days after birth. This same enzyme in the mitochondria has considerable activity in the foetal and adult liver and is lower in the newborn. 6. Kinetic and other studies on the properties of phosphoenolpyruvate carboxykinase have shown no differences between the soluble and mitochondrial enzymes. 7. It is suggested that the appearance of the soluble phosphoenolpyruvate carboxykinase at birth initiates the rapid increase in overall gluconeogenesis at this stage.
The foetal rat liver does not synthesize glucose or glycogen until birth, at which time the gluconeogenic pathway begins to function (Ballard & Oliver, 1963 . In adult liver specific enzymes of gluconeogenesis are present to by-pass thermodynamically unfavourable glycolytic reactions. Although glucose 6-phosphatase (EC 3.1.3.9) (Weber & Cantero, 1957; Dawkins, 1966) and fructose 1,6-diphosphatase (EC 3.1.3.11) (Ballard & Oliver, 1962) increase in activity before and after birth, both enzymes are present in liver from rat foetuses late in gestation and consequently the lack of the overall pathway cannot be caused by the absence of these enzymes. In the present investigation the activity during development as well as other properties of pyruvate carboxylase (EC 6.4 (Stadtman, 1957) and used immediately after synthesis.
Subcellularfracionation of liver. Livers werehomogenized in a buffered iso-osmotic mediuim containing sucrose (0-2M), triethanolamine (20mm), glutathione (ImM) and EDTA (1mM) at pH7-5 (Henning, Stumpf, Ohly & Seubert, 1966) by using a coaxial homogenizer with Teflon pestle. The buffered solution was used for the determination of pyruvate-carboxylase activity, as previous experiments (Ballard & Hanson, 1967b) showed that the stability of the enzyme from adipose tissue was variable if 0-25m-sucrose was used for homogenization. Contrary to the findings of Wagle (1964) , homogenization and centrifugation at room temperature did not increase either the pyruvate-carboxylase or the PEP-carboxykinase activity in the supernatant fractions.
The homogenate was centrifuged at 100000g for 30min., and the pellet was suspended in buffered sucrose, freezedried and dissolved in water. The activities of both enzymes were low in untreated particulate fractions and were increased by freezing and thawing or ultrasonic treatment. However, the greatest activities were detected in freeze- After incubation for 10, 20 and 30min. at 370, the reactions were stopped by the addition of 0-5ml. of 10% (w/v) trichloroacetic acid. After centrifugation, any remaining C02 was removed by bubbling unlabelled C02 through the solution, and 1 ml. portions of these solutions were counted in a Packard model 314E liquid-scintillation spectrometer with Diotol (Herberg, 1953) as solvent. In the absence of substrates, or enzyme, or if zero-time controls were carried out, a blank incorporation of 400-1000 disintegrations/min.
was found. The variation in this value was due to different amounts of labelled impurities in each batch of the NaH14CO3. This value was subtracted from all assay measurements. For routine determinations, blanks with acetyl-CoA omitted (for pyruvate carboxylase) or IDP omitted (for PEP carboxykinase) were used. At all incubation times and with tissue from all sources, these blanks were less than 100 disintegrations/min. above the impurity level.
Up to the amounts of enzyme noted above, incorporation rates were proportional to both time and concentration of enzyme. In most assays, 1000-100000 disintegrations/min.
above blank values were incorporated into products. Identification of reaction product8. Previous assays of pyruvate carboxylase in adipose tissue (Ballard & Hanson, 1967b) indicated that the radioactive product was not oxaloacetate but citrate, and it was concluded that in this tissue there was sufficient citrate synthetase in both soluble and particulate preparations to convert the oxaloacetate product into citrate in the presence of the acetyl-CoA used as activator. This was confirmed by the replacement of acetyl-CoA with propionyl-CoA, when no 14C-labelled citrate was formed. Under these conditions all the fixed radioactivity was found in oxaloacetate. Similar experiments were carried out with liver supernatant and particulate fractions in which portions of the radioactive products of either enzyme assay were chromatographed on Dowex 1 (formate form) by using the method of Busch, Hurlbert & Potter (1952) with unlabelled citrate, malate or pyruvate. In addition, the radioactivity in the ,B-carboxyl carbon atom of oxaloacetate was determined by treating another portion of the reaction product with aniline citrate (Krebs & Eggleston, 1945) , collecting the C02 evolved on filter paper saturated with NaOH and determining the radioactivity in these papers by the method ofBuhler (1962) . Sample experiments with supernatant enzymes from adult liver and particulate enzymes from foetal liver are shown in Table 1 .
These experiments show that under normal assay conditions oxaloacetate was not a major product of pyruvate carboxylase and 70-75% of the radioactivity incorporated was in citrate. By replacing acetyl-CoA with propionylCoA in the assay this incorporation into citrate was prevented and oxaloacetate was found to be the major reaction product. Further, in the assay with foetal liver mitochondria, randomization of label in oxaloacetate via malate (Busch et al. 1952) showed that only malate was radioactive. Omission of NADH prevented malate formation and under these conditions the NaH4CO3 was incorporated into oxaloacetate. No significant differences were found between the incorporation pattern of enzymes from foetal liver mitochondria and adult liver supernatant.
Nitrogen. This was determined by micro-Kjeldahl digestion followed by nesslerization (Johnson, 1941) . Molecular weights. These were determined by chromatography on Sephadex G-100 by the method of Andrews (1964) .
RESULTS
The intracellular distributions of pyruvate carboxylase and PEP carboxykinase from 17-day foetal and adult liver are shown in Table 2 . Approx. 60% ofthe pyruvate-carboxylase activity was in the mitochondrial fraction with some activity in the nuclei and supernatant. No apparent differences were noted between the two ages. In adult liver 92% of the PEP-carboxykinase activity was in the soluble fraction with 4% of the activity in the mitochondria.
PEP-carboxykinase activity was assayed in the supernatant and particles after centrifugation at 100 OOOg for 30min. (Fig. 1) . The soluble activity is extremely low in foetal liver and increases sharply at Several properties of PEP carboxykinase from adult liver supernatant and liver mitochondria from 17-day foetal rats are summarized in Table 3 . The Michaelis constant for PEP measured over the PEP concentration range 0-1-2-0mM, and the relative catalytic rates of IDP, GDP, UDP, CDP and ADP, are similar. The pH-activity curves showed a broad peak from pH6-6 to 7-2 with an optimum ofpH 7-0 and considerably lower activities above pH 7-5 for the enzyme from both sources. The molecular weights were approx. 80 000. DISCUSSION Gluconeogenesis, the synthesis of glucose from lactate, pyruvate and certain amino acids, differs from a direct reversal ofglycolysis in that essentially irreversible glycolytic enzyme reactions are circumvented by glucose 6-phosphatase, fructose 1,6-diphosphatase and the dicarboxylic acid shuttle (Krebs, 1963) . This last pathway involves the carboxylation of pyruvate to oxaloacetate and the phosphorylative decarboxylation of oxaloacetate to PEP.
The activities of the enzymes involved are known to change in adult liver in a pattern similar to the overall pathway of gluconeogenesis under conditions of starvation, re-feeding and under varied changes in hormonal balance (Ashmore, Wagle & Uete, 1964; Exton-& Park, 1966; Henning et al. 1966; Shrago, Lardy, Nordlie & Foster, 1963) . Gluconeogenesis and glyconeogenesis occur at minimal levels in foetal rat liver (Ballard & Oliver, 1963 and appear at birth. Jaquot, Kretchmer, Tsuboi, Taylor & McNamara (1961) reported that gluconeogenesis was active in foetal rat liver but their method of injecting 14C-labelled pyruvate into adults and measuring the subsequent appearance of label in foetal liver glycogen has an alternative and logical explanation; the pyruvate is taken to the maternal liver and kidney, converted izito glucose and transferred back to the foetus, where glycogen is deposited.
As has been noted with hormonal studies in the adult rat (Shrago et al. 1963; Henning et al. 1966 ) the activity changes in hepatic PEP carboxykinase Vol. 104 869 I during development are greater than reported for the other key gluconeogenic enzymes. Further, soluble PEP carboxykinase has a very low activity in the liver of the term foetus, and, as with gluconeogenesis and glyconeogenesis, the activity increases 25-fold in the next 48hr. The activity increases reported for pyruvate carboxylase in the present paper, and those previously published for glucose 6-phosphatase (see Dawkins, 1966) and fructose 1,6-diphosphatase (Ballard & Oliver, 1962) , vary in the range 2-3*5-fold over the same 48hr. period. From these findings it seems logical to propose that the appearance of one enzyme, PEP carboxykinase, initiates the effective activity of the complete gluconeogenic sequence. Intracellular distribution has been of particular interest in studies of pyruvate carboxylase and PEP carboxykinase. The early work of Keech & Utter (1963) (1964) and Barritt, Keech & Ling (1966) have reported soluble pyruvate-carboxylase activity. Henning et al. (1966) have shown that the pyruvate carboxylase in both soluble and particulate fractions of liver and kidney changes in activity under conditions ofstarvation, adrenalectomy and cortisol treatment in directions similar to the change in the overall pathway of gluconeogenesis. Krebs (1966) could not show a variation in pyruvate-carboxylase activity in alloxan-diabetes, in contrast with the findings of Prinz & Seubert (1964) . In the present work we have also noted pyruvate-carboxylase activity in both the soluble and mitochondrial fractions of cells from both foetal and adult liver.
However, there was little change in pyruvatecarboxylase activity at birth, although there was a 30-fold increase in gluconeogenesis at this time. , Holton & Nordlie (1965) and Lardy, Foster, Shrago & Ray (1965) (Holten & Nordlie, 1965) revealed no kinetic differences. However, the mitochondrial enzyme, which contains 70% of the total activity in this species, does not change under hormonal treatments that may alter the soluble activity up to fourfold (Lardy et al. 1965) .
The highest particulate PEP-carboxykinase activity noted in the present work was in livers from 17-day foetuses. Livers from animals of this age have extremely high rates of lipogonesis, and the mitochondrial PEP carboxykinase may in some unexplained manner be involved in this process. Unlike gluconeogenesis, hepatic lipogenesis decreases tenfold at birth (Ballard & Hanson, 1967a) . A study of certain enzymes involved in lipogenesis in foetal liver has shown that ATP citrate lyase and the enzymes required to support the citratecleavage pathway, with the exception of NADP malate dehydrogenase, were active (Ballard & Hanson, 1967a) . The changes in particulate PEPcarboxykinase activity with age are similar to the pattern for ATP citrate lyase. The cleavage of citrate in the cytoplasm provides not only a source of extramitochondrial acetyl-CoA (Srere, 1959; Spencer & Lowenstein, 1962) but also oxaloacetate. In the adult liver and adipose tissue (Young, Shrago & Lardy, 1964; Ballard & Hanson, 1967b) Krebs (1966) to explain the inverse relationship between ketogenesis and gluconeogenesis in adult liver.
The rat foetus is dependent on the maternal supply of glucose, and the lactate formed by glycolysis in extrahepatic tissues cannot be converted into glucose in the liver but is passed to the mother. The situation in other species is not clear. Recent studies (Ballard & Oliver, 1965) have demonstrated an active pathway of gluconeogenesis in foetal sheep liver, and indirect measurements suggest that the pathway is also present in the human foetus (Villee, 1953; Shelley, 1961) . At birth the dependence on maternal glucose ends and hepatic gluconeogenesis begins. The results of the present paper suggest that this process is initiated in the newborn rat by a sharp increase in the activity of PEP carboxykinase.
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